We describe here a cell line-based assay for the evaluation of human immunodeficiency virus type 1 (HIV-1) neutralization. The assay is based on CEM.NKR cells, transfected to express the HIV-1 coreceptor CCR5 to supplement the endogenous expression of CD4 and the CXCR4 coreceptor. The resulting CEM.NKR-CCR5 cells efficiently replicate primary HIV-1 isolates of both R5 and X4 phenotypes. A comparison of the CEM.NKR-CCR5 cells with mitogen-activated peripheral blood mononuclear cells (PBMC) in neutralization assays with sera from HIV-1-infected individuals or specific anti-HIV-1 monoclonal antibodies shows that the sensitivity of HIV-1 neutralization is similar in the two cell types. The CEM.NKR-CCR5 cell assay, however, is more convenient to perform and eliminates the donor-to-donor variation in HIV-1 replication efficiency, which is one of the principal drawbacks of the PBMC-based neutralization assay. We suggest that this new assay is suitable for the general measurement of HIV-1 neutralization by antibodies.
The development of an effective human immunodeficiency virus type 1 (HIV-1) vaccine is a major scientific priority (7, 23, 24, 32) . It is a reasonable hypothesis that an effective vaccine will require the induction of robust humoral immunity, as well as a strong cellular response (7, 22, 23, 33) . The most important component of the humoral immune response is virusneutralizing antibodies, which reduce or eliminate the infectivity of cell-free virus (5-7, 42, 46, 53) . Passive immunization studies in hu-PBL-SCID mice and in macaques indicate that, to be protective, neutralizing antibodies must be present at a concentration sufficient to cause virtually complete (Ͼ99%) neutralization in vitro (20, 37, 56, 61) . This provides an important target at which vaccine designers must aim, but to gauge progress, it is necessary to be able to accurately and reliably quantitate the extent of HIV-1 neutralization (44) .
At present, the generally accepted standard assay for HIV-1 neutralization is one based on the measurement of virus replication in mitogen-stimulated human peripheral blood mononuclear cells (PBMC), commonly called the PBMC blast assay (11, 42, 77) . Most of the virus production in these cultures derives from activated CD4 ϩ T lymphocytes, the same cells that are responsible for Ͼ99% of HIV-1 replication in vivo (54) . Furthermore, CD4
ϩ T lymphoblasts express both CCR5 and CXCR4 (4, 31, 39, 58, 74) , the two most important coreceptors used by primary HIV-1 isolates for replication in CD4 ϩ T cells and macrophages (1, 9, 12, 15, 17-19, 75, 76) . This allows the PBMC blast assay to be used with both CCR5-using macrophage-tropic isolates (R5 viruses) and CXCR4-using T-cell line-tropic isolates (X4 or R5X4 viruses) (3, 30, 41, 66) . The PBMC blast assay has some drawbacks, however. First, it is not user-friendly in that considerable effort and expense are required to isolate PBMC, culture them in the presence of HIV-1, and determine the viral end point (usually the measurement of supernatant p24 antigen content by immunoassay). A second concern is that it takes 4 to 10 days to generate an end point, because of the kinetics of virus replication and spread throughout the culture. Thirdly, donor-todonor variation in PBMC can affect interassay performance (42) .
It would be desirable to create a neutralization assay that has many of the properties of the PBMC blast assay, while improving its performance and eliminating its drawbacks. The use of immortalized cell lines would, in principle, be advantageous. Until fairly recently, this was infeasible because only a subset of HIV-1 strains replicated in immortalized CD4 ϩ T-cell lines, since, with a few exceptions (31, 34) , almost all such lines express adequate levels of CXCR4 but little or no CCR5 (31) . Furthermore, passage of X4 or R5X4 primary isolates on cell lines leads to the selection of T-cell line-adapted (TCLA) strains, which are abnormally sensitive to neutralization (5-7, 42, 43, 45, 46, 53, 62, 64, 69, 72, 77) . Together, these factors provide a major skew to neutralization assays based on T-cell lines. However, the cloning of CCR5 (and CXCR4) has opened up new possibilities for the development of cell linebased neutralization assays suitable for use with HIV-1 isolates of different phenotypes, as defined by coreceptor usage patterns (3).
The following parameters influence the creation of a cell line-based neutralization assay. The cell line must be human, since postentry restrictions on HIV-1 replication mean that unacceptably high inocula must be applied to nonprimate cells, even if they express transfected human CD4 and coreceptors, and since there is no obvious reason to select a monkey cell line over a human one. The line must express both CCR5 and CXCR4 (and of course CD4) at levels broadly comparable with those of activated PBMC, to permit the replication of HIV-1 strains of diverse phenotypes (29, 31, 55) . The assay should have a rapid yet simple end point that allows the convenient processing of multiple samples. Ideally, viral spread in culture would be minimized, so that the assay has many of the characteristics of a focal-infectivity assay, even if the end point does not involve the laborious counting of multiple plaques.
Despite the need for a speedy end point, the viral inoculum should not be much higher than 100 50% tissue culture infective doses (TCID 50 ), since higher inocula are proportionately difficult to neutralize by antibodies (77) .
Taking the above factors into consideration, we have created and evaluated a CCR5-expressing variant of the CEM.NKR cell line, a human line that naturally expresses both CD4 and CXCR4 (25) .
sage regimen (1:10 split, twice a week), because we noticed that fluctuations in their CCR5 expression and HIV-1 infectibility were dependent upon when after the day of passage the cells were used (data not shown). To prepare cells for infection assays, they were split 1:3 on the day of passage and then infected on the following day. The cells were adjusted to 2 ϫ 10 5 per ml in CEM.NKR-CCR5 cell culture medium and then seeded (50 l) into wells of a 96-well flat-bottom microplate. HIV-1 infection was initiated by adding 100 TCID 50 of virus in a volume of 100 l. To maximize the extent of infection with R5 viruses, 50 l of a Polybrene solution in culture medium (final Polybrene concentration, 15 g/ ml) was also added. After incubation for 6 days, the supernatant medium (50 l) was assayed for HIV-1 p24 antigen production by using an in-house immunoassay, described previously (47, 68) .
For determination of the TCID 50 values for each HIV-1 stock, 100-l aliquots of serial dilutions of the virus preparation were used to infect the cells. The production of the p24 antigen was monitored on day 9 postinfection, and the TCID 50 value was calculated by using the method of Reed and Muench (59) .
HIV-1 infection of HeLa-CD4-CCR5 cells. HeLa-CD4-CCR5 cells at 10 4 per ml in assay medium (Dulbecco's modified Eagle's medium supplemented with 10% FCS, glutamine, and antibiotics) were seeded into wells of a 96-well plate 1 day prior to the experiment. The cells were infected with 100 TCID 50 of HIV-1 in the presence or absence of 20 g of Polybrene per ml. On day 4 postinfection, the cells were harvested, lysed, and analyzed for ␤-galactosidase activity by using the Galacto-Light system (Tropix), according to the manufacturer's instructions.
PBMC stimulation. PBMC were isolated from healthy blood donors by FicollHypaque centrifugation and then adjusted to 4 ϫ 10 6 per ml in RPMI 1640 medium containing 10% FCS, 100 U of interleukin 2 (a gift from Hoffmann-La Roche, Nutley, N.J.) per ml, glutamine, and antibiotics (PBMC culture medium). The cell suspensions were then divided into three equal parts and stimulated either with 5 g of phytohemagglutinin (PHA) per ml, 0.5 g of PHA per ml, or surface-immobilized anti-CD3 MAb TR66 (a gift from Charles Mackay, Millennium Inc., Cambridge, Mass.). To immobilize this MAb, culture flasks (175 cm 2 ) were coated overnight with MAb at 2 g/ml in 12 ml of PBS. After 72 h, equal numbers of PBMC stimulated by one of these three methods were combined (referred to hereafter as three-way-stimulated PBMC) and then used in infection and neutralization assays. We have found that this triple stimulation method for PBMC activation increases the consistency with which the cells can be infected by HIV-1, with a reduction in interdonor variation (data not shown).
Infection of PBMC with HIV-1 and determination of TCID. The cell density of three-way-stimulated PBMC was adjusted to 2 ϫ 10 6 per ml in culture medium, and 100 l of this suspension was seeded into wells of a 96-well flat-bottom plate. The cells were infected with 100 TCID 50 of HIV-1 in a volume of 100 l, the cultures were incubated for 7 days postinfection, and the supernatant medium (50 l) was assayed for HIV-1 p24 antigen production. Determination of the TCID 50 of each HIV-1 stock was performed essentially as described above. Every virus stock that we used was titered on PBMC. The TCID 50 values recorded in the Results section were derived from PBMC titrations, unless otherwise stated.
Neutralization assay with CEM.NKR-CCR5 cells. The HIV-1 inoculum was adjusted to contain approximately 1,000 to 4,000 TCID 50 /ml in assay medium. Aliquots (60 l) were incubated with serial dilutions of test MAbs or patient sera (60 l) for 1 h at 37°C. The calculated inhibitory concentrations refer to the concentrations of the sera and antibodies in this preincubation mixture. A 100-l aliquot of the preincubation mixture was then transferred to 96-well flat-bottom microplates containing 10 4 cells in 50 l of culture medium, followed by 50 l of Polybrene-containing culture medium (final Polybrene concentration, 15 g/ml). The total volume of the infection mixture was 200 l, and the final concentration of virus after all dilutions was 250 to 1,000 TCID 50 /ml.
The infected cultures were incubated for 3 days. On day 3 postinfection, 24-well plates were prepared containing 2 ϫ 10 4 uninfected CEM.NKR-CCR5 cells in 1 ml of culture medium without Polybrene. Then cell samples (150 l) were transferred from each well of the 96-well plate to a well of the 24-well plate containing the uninfected cells. Care was taken to thoroughly resuspend the infected cells before transfer, to ensure that equal amounts of cells were sampled from each well. The cultures in the 24-well plates were washed three times to remove residual sera and virus. By transferring cultures to the 24-well plates for the washout procedure, cell loss during this step was reduced and better assayto-assay reproducibility was achieved. After the serum washout was completed, the cells were resuspended in 1 ml of culture medium containing 10 g of Polybrene and incubated for 3 more days. On day 6 postinfection, the supernatant medium (200 l) was assayed for the HIV-1 p24 antigen. The production of the p24 antigen in the absence of serum was designated as 100%, and the ratios of p24 production in serum-containing cultures were calculated relative to this value. The reciprocal serum dilutions causing 50, 70, and 90% reduction in p24 production (the 50% infective dose [ID 50 ], ID 70 , and ID 90 values) were determined by linear regression analysis. If the appropriate degree of inhibition was not achieved at the lowest antibody or serum dilution (e.g., 1:50), a value of Ͻ1:50 was recorded. When determining the mean values derived from several independent experiments, a value marked less than or equal indicated that in one or more of these experiments no neutralization was achieved at the lowest serum dilution. In these cases, the nonneutralizing value was arbitrarily set as equal to the lowest serum dilution tested, and the calculated mean titer was reported as less than or equal to the recorded dilution. A similar procedure was used in VOL. 73, 1999 CELL LINE-BASED HIV-1 NEUTRALIZATION ASSAY 8967 experiments involving MAbs, except that the mean values are denoted as greater than or equal to the recorded concentration. Neutralization assay with PBMC. The cell density of three-way-stimulated PBMC was adjusted to 1.25 ϫ 10 6 per ml in culture medium, and then 800 l was seeded into wells of a 24-well plate. The virus inoculum was adjusted to 1,000 to 4,000 TCID 50 /ml in culture medium and 110-l aliquots were incubated with serial dilutions of MAbs or sera (110 l) for 1 h at 37°C. The calculated inhibitory concentrations again refer to the antibody concentrations in this preincubation mixture. A 200-l aliquot of the preincubation mixture was then transferred to 24-well plates containing the stimulated PBMC, so that the total volume of the infection mixture was now 1 ml. The final concentration of virus in the cultures, after all dilutions, was therefore 100 to 400 TCID 50 /ml. The cultures were washed three times at 16 h postinfection to remove free virus. The cells were resuspended in 1 ml of culture medium and then incubated for 4 days before assaying 200 l of the supernatant medium for the HIV-1 p24 antigen. If virus production in the cultures had not peaked on day 4 (based on previous experience with the relevant isolate), the cultures were fed with 500 l of medium and reanalyzed for p24 production on subsequent days. The extent of neutralization was calculated and recorded as outlined above for work with the CEM.NKR-CCR5 cells, except that if the appropriate degree of inhibition was not achieved at the lowest serum dilution (1:10), a value of Յ1:10 was recorded.
RESULTS

Preparation and characterization of the CEM.NKR-CCR5
cell line. For use in neutralization assays with HIV-1 isolates of multiple phenotypes, we decided to create a derivative of the CEM.NKR cell line that stably expressed CCR5 (CEM.NKR-CCR5 cells). Among the reasons for this choice are that CEM.NKR cells are efficient producers of HIV-1, they grow well in suspension cultures, and they express both CD4 and CXCR4 endogenously. Preliminary studies by FACS indicated that the levels of CD4 and CXCR4 expression on the parental CEM.NKR cells were comparable to those on activated PBMC (data not shown).
Retroviral vectors were used to stably introduce CCR5 into the CEM.NKR cells, as described in Materials and Methods, to make CEM.NKR-CCR5 cells (35, 38) . We then evaluated the extent of CD4, CXCR4, and CCR5 expression on these cells (Fig. 1 ). For comparison, we measured the expression levels of these receptors on activated PBMC, HeLa-CD4-CCR5 cells (also known as HeLa-MAGI-CCR5 cells), GHOST-CD4-CXCR4 cells, and GHOST-CD4-CCR5 cells. Activated PBMC are the basis of the standard PBMC blast assay for HIV-1 neutralization, whereas the various GHOST and HeLa cell lines have all been used in neutralization assays (42, 66) . The GHOST-CD4-CCR5 and HeLa-CD4-CCR5 cells express CXCR4 endogenously, although at very low levels in the case of the GHOST-CD4-CCR5 cells, and have been engineered to express CD4 and CCR5; the GHOST-CD4-CXCR4 cells were engineered to express higher amounts of CXCR4 than were expressed endogenously (42, 66) .
We performed FACS analyses to monitor the expression of the CD4, CCR5, and CXCR4 receptors on a variety of cell lines and PBMC (Fig. 1) . Although FACS analyses of the type performed here do not provide an indication of the absolute number of receptor molecules on the various cell types, useful semiquantitative information can be obtained. The CEM.NKR-CCR5 cells were found to express both CD4 and CXCR4 at high levels that appear to be comparable with those found on activated PBMC, although obviously not all of the PBMC are CD4 ϩ cells. In contrast, HeLa-CD4-CCR5 cells express relatively low amounts of CD4 (Fig. 1) . The level of CD4 expression on the GHOST-CD4-CCR5 and GHOST-CD4-CXCR4 cells was comparable to that on PBMC ( Fig. 1 ; not shown for GHOST-CD4-CXCR4 cells). The GHOST-CD4-CCR5, GHOST-CD4-CXCR4, and HeLa-CD4-CCR5 cell lines are not clonal, as judged by their variation in receptor expression (Fig. 1) . The expression of endogenous CXCR4 can clearly be detected on both the HeLa-CD4-CCR5 and the GHOST-CD4-CXCR4 cells, but at lower levels than are on activated PBMC or the CEM.NKR-CCR5 cells (Fig. 1) .
The extent of CCR5 expression on the CEM.NKR-CCR5 cells was much higher than on the other two cell lines (Fig. 1) . Only a fraction of the CD4 ϩ T cells in PBMC preparations stained for CCR5 after the 3 days of stimulation that are the standard conditions for their activation prior to use in neutralization assays, as found previously (4, 39, 58) . At this time, the extent of CCR5 expression, judged by median fluorescence intensity values, on the activated PBMC was approximately an order of magnitude less than that on the CEM.NKR-CCR5 cells (Fig. 1) . Although the quantitative aspects of these measurements should not be overinterpreted, they do suggest that there are significant differences in the extent of CCR5 expression on these two cell types.
Although CCR5 expression is generally stable in the CEM.NKR-CCR5 cells, we have noticed that there can be some fluctuations in the level of CCR5 staining on these cells and in their infectibility by HIV-1 when they are used too soon after initial culturing from frozen stocks (data not shown). We therefore performed infection and neutralization assays on thawed CEM.NKR-CCR5 cells only after at least 2 weeks of continuous maintenance on a strict passage regimen (see Materials and Methods).
Infection of CEM.NKR-CCR5 cells with HIV-1 isolates. We selected CEM.NKR-CCR5 cells with high CCR5 expression for detailed evaluation of their susceptibility to HIV-1 infection ( Fig. 2 ; Tables 1 and 2 ). To achieve sufficient infection of the CEM.NKR-CCR5 cells by R5 isolates, we found it necessary to add Polybrene to the cultures. We had noticed during initial evaluation of the CEM.NKR-CCR5 cells that high concentrations of Polybrene enhanced their infection by R5 isolates but inhibited the infectibility of X4 viruses. These effects a Infections were carried out by using 100 TCID 50 of each virus stock per culture, the TCID 50 values having been previously determined by titration on PBMC. The infections of PBMC (three-way stimulated) were performed in the absence of Polybrene (Pb), whereas 15 g of Polybrene per ml was added for infections of the CEM.NKR-CCR5 cells. The infections of the HeLa-CD4-CCR5 cells were performed both in the presence (ϩ) and absence (Ϫ) of 20 g of Polybrene per ml. The outcome of the infections of PBMC and CEM.NKR-CCR5 cells were determined by measuring p24 antigen production on days 4 and 6 postinfection (p.i.). The infection of the HeLa-CD4-CCR5 cells was monitored by measuring ␤-galactosidase expression on day 4, expressed as relative light units (rlu). The values shown are representative of one from two to five independent experiments of similar design.
of Polybrene were not unique to CEM.NKR-CCR5 cells but were also observed in studies of GHOST-CD4, U87-CD4, and HeLa-CD4 cells expressing the relevant coreceptor (data not shown).
We therefore varied the concentrations of Polybrene to identify one that would permit the efficient replication of both R5 and X4 HIV-1 isolates in the CEM.NKR-CCR5 cells. A Polybrene concentration of 10 or 15 g/ml was found to be optimal for all HIV-1 isolates tested, the optimal concentration being dependent on whether the assays were carried out in 24-well plates (10 g of Polybrene per ml) or 96-well plates (15 g of Polybrene per ml). At these Polybrene concentrations, there is still some inhibition of X4 virus replication, but the use of a fixed concentration does permit the evaluation of all HIV-1 isolates by a standard protocol, without predetermination of their coreceptor usage. The efficient replication of R5, R5X4, and X4 isolates on the CEM.NKR-CCR5 cells under standard conditions is shown in Fig. 2 . In contrast, we could find no single Polybrene concentration that allowed efficient infection of HeLa-CD4 and GHOST-CD4 cells by all HIV-1 isolates; instead, it was necessary to perform a Polybrene titration for each isolate to identify the optimal concentration for that isolate, which complicated the development of a standard protocol.
To study the infectibility of the CEM.NKR-CCR5 cells in more detail, we compared the ability of 12 HIV-1 subtype B isolates of different phenotypes to infect CEM.NKR-CCR5 cells, HeLa-CD4-CCR5 cells, and activated PBMC ( Table 1 ). All the infections were set up with a viral inoculum of 100 TCID 50 per well, which is equivalent to 500 TCID 50 per ml. The infections were performed with 15 g of Polybrene per ml for the CEM.NKR-CCR5 cells, with or without 20 g of Polybrene per ml for the HeLa-CD4-CCR5 cells, and with no Polybrene for the PBMC (Table 1 ). In general, HIV-1 replication in the HeLa-CD4-CCR5 cells was poor compared with replication in the PBMC and CEM.NKR-CCR5 cells, which performed comparably, as monitored by ␤-galactosidase and p24 antigen production. With many isolates, the amount of the p24 antigen released from the HeLa-CD4-CCR5 cells was too low to be detected after 4 days of culture, i.e., it was Ͻ10 pg/ml (data not shown).
The calculated TCID 50 values for the five HIV-1 isolates whose titers were determined on CEM.NKR-CCR5 cells were compared with those derived from the same isolate titers on PBMC ( Table 2 ). The replication of both the R5 viruses was very similar on the two cell types, whereas R5X4 and X4 virus replication was reduced by 10-to 100-fold on the CEM.NKR-CCR5 cells, probably because of the inhibitory effects of Polybrene. However, all the isolates grew to high titers on these cells, judged by the extent of p24 antigen release, which was usually well in excess of 10 ng/ml (Fig. 2 ). This provides a good dynamic range for neutralization assays. In contrast, there was considerable variation in the ability of the various isolates to infect the HeLa-CD4-CCR5 cells, and several of the isolates were only minimally infectious (data not shown). We did not routinely measure p24 antigen production from the HeLa-CD4-CCR5 cells, only the extent of activation of the ␤-galactosidase reporter gene. But in many cases the extent of reporter gene activation was inadequate to provide a workable dynamic range for neutralization assays. Overall, no correlation was observed between the infectibility of the various test isolates for the HeLa-CD4-CCR5 cells and either PBMC or the CEM.NKR-CCR5 cells (data not shown).
Comparison of CEM.NKR-CCR5 cells with PBMC in neutralization assays. We next evaluated the suitability of the CEM.NKR-CCR5 cells for use in neutralization assays. To do this, we used an assay protocol for the CEM.NKR-CCR5 cells that was based as closely as possible on our PBMC-based neutralization assay. We then compared neutralization titers obtained from assays of the same virus and HIV-1-positive serum samples on both cell types (Table 3) . Longitudinal serum samples from five HIV-1-infected individuals were tested for their abilities to neutralize the autologous isolates. The highest serum dilution tested on the CEM.NKR-CCR5 cells was 1:50, whereas with PBMC it was 1:10. Human sera or plasma could not be tested at dilutions of less than 1:50 with the CEM.NKR-CCR5 cells because cytostatic effects were often detectable when serum or plasma samples from uninfected people were used at lower dilutions. Such cytostatic effects can masquerade as neutralization, because moribund cells produce less HIV-1 than healthy cells.
For samples from HIV-1-infected patients no. 33, 12, 245, and 904, the neutralization data obtained with CEM.NKR-CCR5 cells and PBMC were very similar. Thus, with patient no. 12, the neutralization titers obtained in both assays were almost identical, with only minor exceptions. With serum sample no. 12-1, a low level of neutralization was found in the PBMC assay (ID 90 of 1:14) but not in the CEM.NKR-CCR5 assay (ID 90 Ͼ 1:50) because high concentrations in serum could not be used with the CEM.NKR-CCR5 cells. For samples from no. 1308, a marginal level of autologous neutralization was measurable in the PBMC assay (for two sera, an ID 70 value was attainable) but not in the CEM.NKR-CCR5 cell assay. Of note, the virus isolate from no. 1308 replicates exceptionally well in the CEM.NKR-CCR5 cells, which might reduce its sensitivity to neutralization in these cells. In contrast, with several other serum samples (e.g., no. 33-1, 33-2, 245-1, 245-2, and 245-3), more potent neutralization was observed in the CEM.NKR-CCR5 cell assay than in the PBMC assay. Overall, however, the differences in neutralization titers obtained in the two assays were only minor (0.6-to 7.2-fold).
Of note is that, although all of the test subjects were receiving antiviral therapy, we could detect no effect of any carriedover drugs on HIV-1 replication in vitro. Thus, for all four cases, the serum sample from the second time point studied (denoted by the no. 2) caused no more inhibition of viral replication than the first sample, which was taken before therapy was initiated (denoted by the no. 1). We therefore conclude that, for these samples and under the assay conditions we used, the influence of any residual drugs in serum samples is negligible.
We next tested two anti-HIV-1 MAbs, 2F5 and 2G12, and the CD4-IgG2 molecule for their neutralization of HIV-1 JR-FL (R5 primary) and HIV-1 NL4-3 (X4 TCLA) in the CEM.NKR-CCR5 cell and PBMC assays. The neutralization a The virus stock titers were determined on PHA-stimulated PBMC and on CEM.NKR-CCR5 cells (Fig. 2) .
b The TCID 50 values were determined as described in Materials and Methods.
titers obtained in the two assays were virtually identical in all cases (Table 4) .
DISCUSSION
Our aim was to create a cell line suitable for use in HIV-1 neutralization assays that would retain the most desirable features of the current standard neutralization assay based on activated PBMC, while eliminating some of its drawbacks. Chief among the limitations of the PBMC assay are donor-todonor variability in the kinetics or extent of HIV-1 replication and the cost, labor, and general inconvenience associated with the preparation of sufficient activated PBMC for use in largescale assays. An immortalized cell line would be simpler and cheaper than PBMC and would allow much-needed standardization. But to be worthwhile, it is necessary for a cell line to express both the major HIV-1 coreceptors, CCR5 and CXCR4, to permit its use with primary isolates of different phenotypes. The cell line must also replicate HIV-1 with an efficiency comparable with that of activated PBMC, since otherwise skews will be introduced as a result of diminished viral throughput; obviously, the less virus that replicates, the easier it is to neutralize (77) .
We chose CEM.NKR cells as the basis for creating a cell line-based neutralization assay, since our experience is that this cell line efficiently replicates HIV-1. The CEM.NKR cells are also of lymphoid origin, which may help minimize differences between these cells and PBMC in the virus-cell attachment stage of HIV-1 infection, when there can be cell type-dependent effects (40) . The ability of CEM.NKR cells to grow in suspension facilitates their maintenance. Furthermore, the endogenous expression of CD4 and CXCR4 on the CEM.NKR cells obviated the need to introduce these HIV-1 receptors by transfection. An additional factor was that CEM.NKR cells are excellent targets for antibody-mediated cellular cytotoxicity, so the introduction of CCR5 into them would create a target cell line suitable for antibody-mediated cellular cytotoxicity studies with primary R5 and X4 isolates (25) . To introduce the CCR5 coreceptor into the CEM.NKR cells, we used a retroviral gene transduction technique because of the efficiency of this method (35, 38) . We selected from among the initial CCR5 transfectants of CEM.NKR cells subclones that expressed levels of CCR5 that were comparable with or greater than those found on activated CD4 ϩ T cells. If CCR5 levels are too low, this can impair the efficiency of HIV-1 entry, especially when CD4 expression is limiting (29, 55) . Such factors can skew neutralization assays because an 
a The values shown are from two to four independent experiments. CEM, CEM.NKR-CCR5 cells. 
unacceptably high virus inoculum has to be used to generate a productive infection. The CEM.NKR-CCR5 cells that we generated are stable, grow well, and are good producers of HIV-1. There are, however, limitations to their use. Thus, it is necessary to use the polycation Polybrene to facilitate the infection of the CEM.NKR-CCR5 cells by R5 HIV-1 isolates. This is not unusual; it has long been known that Polybrene increases the efficiency of retroviral infection of cell lines in culture (8, 27, 65) . The reasons are not fully understood, but they may involve the overcoming of electrostatic repulsions between viruses and the anionic extracellular matrix (63) , thus facilitating the viruscell attachment stage, which is often the limiting factor in retroviral infectivity (10, 48, 51, 57, 71) . The use of Polybrene does, however, reduce the infectivity of the CEM.NKR-CCR5 cells by X4 HIV-1 isolates to some extent, something which we have found also to occur with other cell lines (data not shown). We suspect that Polybrene inhibits the replication of X4 isolates because it partially masks the CXCR4 coreceptor, which has a strongly anionic surface charge. The binding of anti-CXCR4 MAb 12G5 to CEM.NKR-CCR5 cells is reduced in the presence of Polybrene (data not shown), and several other polycations are known to inhibit the binding of 12G5 to CXCR4 (13, 14, 49, 60) .
There may be differences in the attachment properties of R5 and X4 isolates to the surfaces of human cells (40) ; presumably, X4 isolates are less dependent than R5 isolates on Polybrene to overcome electrostatic repulsive forces. Notwithstanding these various effects of Polybrene, we were able to identify a Polybrene concentration (10 to 15 g/ml, depending on the microplate well size) that permitted efficient infection of the CEM.NKR-CCR5 cells with both R5 and X4 isolates. We have not yet evaluated how this assay performs with simian immunodeficiency virus strains, but we would expect that a useful assay of simian immunodeficiency virus neutralization could be readily established with the CEM.NKR-CCR5 cells.
When the CEM.NKR-CCR5 cell HIV-1 neutralization assay was compared with the standard PBMC-based assay, it performed comparably well. Thus, only minor variations in neutralization titers on the two cell types were identified. That there is no significant difference in the inherent sensitivities of the two assays was expected because the efficiency of HIV-1 neutralization is determined predominantly by the virus-antibody interaction and not by the identity of the target cell, provided that the efficiency of HIV-1 replication is comparable (30, 41, 66, 77) . More extensive evaluations of the CEM.NKR-CCR5 cell line may reveal differences in the performance of these cells and PBMC in neutralization assays with specific HIV-1 isolates or specific antibody-virus combinations. The potential for such variations under certain circumstances applies to all engineered cell lines.
The principal limitation of the CEM.NKR-CCR5 cell assay in terms of its sensitivity is that serum or plasma dilutions of Ͻ1:50 cannot be used, because of cytostatic effects of serum or plasma components that are apparent at higher concentrations; the CEM.NKR-CCR5 cells appear to be slightly more sensitive than PBMC to such factors. Thus, weakly neutralizing sera or plasmas might be undetected in the CEM.NKR-CCR5 cell assay. This problem is, however, outweighed by the general advantages of the CEM.NKR-CCR5 cell assay, in our view.
At present, the end point in the CEM.NKR-CCR5 cell neutralization assay involves the detection of extracellular virus production by conventional means, which can be expensive. We used a p24 antigen assay to detect virus production, but other methods, such as a reverse transcriptase assay, would also be suitable. We are presently making a variant of the CEM.NKR-CCR5 cell line that expresses the luciferase protein as a reporter of HIV-1 entry and integration, which potentially allows a more rapid, cheaper, and simpler detection of HIV-1 infection than can be achieved by measuring extracellular virus production. We have opted to pursue a luciferase reporter end point over other alternatives, such as the green fluorescent protein (GFP) or ␤-galactosidase reporter systems. Although the detection of GFP fluorescence can be very sensitive, allowing a rapid neutralization assay end point (16, 21, 66) , FACS is not a procedure that lends itself to the routine processing of up to hundreds of samples, as can be needed in clinical studies of HIV-1 neutralization. We chose not to pursue our initial studies with coreceptor-expressing GHOST cell lines, since the effort required to obtain neutralization titers was greater and more expensive than the use of PBMC, without any compensating increase in assay sensitivity (66) . It is possible that fluorimeters could be used instead of FACS to detect GFP fluorescence, but our experience is that the use of a bulk fluorimetric end point offers no significant advantage over the detection of luciferase luminescence by a luminometer.
It is notable that the sensitivity of primary isolate neutralization in the CEM.NKR-CCR5 cells is comparable to what is measured in mitogen-stimulated PBMC. For several years, it was considered by some researchers that the failure of gp120 subunit vaccines to generate antibodies capable of neutralizing primary isolates at significant titers was the fault of the standard PBMC-based neutralization assay and not of the limited immunogenicity of the vaccines (78) . Here, we show that a cell line-based neutralization assay is no more or less sensitive than the standard PBMC-based assay, although it is certainly more convenient. This is consistent with the conclusion that the efficiency of HIV-1 neutralization is far more dependent on the virus-antibody interaction than the virus-cell interaction (30, 41, 66) . The CEM.NKR-CCR5 cells we describe here should therefore be useful for routine evaluations of HIV-1 neutralization in the setting of clinical trials and vaccine-related studies. The cells have been deposited in the NIAID Reagent Repository, where they may be obtained.
